A series of the polyaniline (PAN)-wrapped carbon nanotube (CNT)-supported PtCo (PtCo/xPAN-CNT) catalysts was prepared for the oxygen reduction reaction (ORR) in a proton exchange membrane (PEM) fuel cell. The effect of the PAN content wrapped around the multiwall CNTs in the range of 0-15 wt% on the activity and stability of the PtCo catalysts was explored. Increasing the PAN content on the CNT surface did not significantly affect the Pt : Co ratio and catalyst loading on the CNT surface, while it positively affected the electrode conductivity, crystallite size, average particle size and the electrochemical surface area (ESA) as well as the hydrophilic property of the PtCo catalyst. Among all the prepared PtCo catalysts, PtCo/10PAN-CNT exhibited the highest catalytic activity towards the ORR, with a kinetic current density of 36.9 mA cm À2 in 0.5 M H 2 SO 4 and a current density of 407 mA cm À2 at 0.6 V (244 mW cm
Introduction
The oxygen reduction reaction (ORR) in a proton exchange membrane (PEM) fuel cell controls the fuel cell performance due to its slower kinetics than the hydrogen oxidation reaction (HOR). To increase the rate of the ORR reaction, dispersed platinum (Pt) nanoparticles (NPs) supported on carbonaceous materials are usually used because the physical/chemical properties of the carbon support greatly affect the electrochemical properties of the fuel cell catalyst.
1,2 Carbon materials with high surface area and good crystallinity can achieve a high dispersion of Pt nanoparticles (NPs) as well as facilitate electron transfer, resulting in an improved fuel cell performance. 3 Actually, various types of carbon materials have been employed as catalyst supports, such as ordered mesoporous carbons, 4, 5 carbon gels, [6] [7] [8] carbon nanohorns/nanocoils, 9 graphene 10,11 and carbon nanobers.
12,13
Among all the explored carbon materials, multiwall carbon nanotubes (CNTs) are the most interesting material for use as a catalyst support for low-temperature fuel cells due to their excellent electrical conductivity, high surface area, high chemical stability and high amount of mesopores, which result in a high metal dispersion and a good reactant ux in their tubular structure. 14, 15 However, the surface of CNTs is accompanied by many carbonaceous impurities. So, prior to use, CNTs are usually treated in a mixture of HNO 3 /H 2 SO 4 . 16 In addition, the surface of CNTs lack sufficient binding sites for anchoring some precursor of metal NPs, leading to a poor dispersion and aggregation of metal NPs. 15 Thus, the functionalization of CNT surface by the addition of some basic functional groups such as -NH 2 , -OH, -SH 2 or wrapping of CNTs by a Lewis basic functional polymer lm was conducted in order to introduce high binding sites and anchoring groups on the surface of CNTs. 17 A mixture of 96% H 2 SO 4 and 4-aminobenzenesulfonic acid can change the chemically active and hydrophilic surface of CNTs, which consequently improved the dispersion of the palladium catalyst. 18 Graing of sulfonic acid groups onto the surface of CNTs by in situ radical polymerization of 4-styrenesulfonate also gave a good subsequent dispersion of Pt NPs and accessibility of protons to the active sites, and so achieved a high fuel cell performance. 19 Doping of an appropriate amount of nitrogen on the surface of CNTs can help to reduce the agglomeration of Pt NPs, 20 control the crystallite size of catalysts 21 and serve as the defect sites to enhance nucleation of Pt NPs. 22 The chemical reduction of Pt salts on CNTs in ethylene glycol (EG) solution with reuxing in an argon atmosphere initiated the generation of the OH-(CH 2 ) 2 -O À ion on the CNT surface, which can bind the CNT surface to reduce Pt ions, leading to the formation of a catalyst with a high stability. 23 The wrapping of CNTs by poly(benzimidazole) (PBI) allowed a homogeneous Pt immobilization onto the CNT surface, due to the coordination of the Pt ion with the PBI molecules, and resulted in an improved catalyst utilization efficiency. 24 The polyaniline (PAN)-wrapped CNTs achieved a high dispersion, narrow particle size distribution and an excellent electrochemical stability of the Pt NPs, as a result of the p-p bonding interaction between the CNTs and PAN. 25 The coating of polypyrrole (PPy) on the surface of CNTs induced a more hydrophilic property of the CNT surface, improved the distribution of Pt NPs and preserved the intrinsic properties of the CNTs, such as their chemical resistance, resulting in a simultaneous improvement in the catalytic activity and stability. 26 The Pt NPs on CNTs wrapped with pyridine modied PBI (Pt-Py-m-PBI/CNTs) gave a better fuel cell performance than the Pt/C catalyst, where the performance increased with an increased [2,6-pyridinedicarboxylic acid]/ [isophthalic acid] molar ratio of the Py-m-PBIs wrapped on CNTs.
27
In this work, in order to decrease the fuel cell cost as well as to improve the electronic and geometric parameters of the Pt metal, the Pt was alloyed with cobalt (Co), a cheap and reactive metal, 28 and supported on the PAN-wrapped CNTs. The PAN was selected as the wrapping conductive polymer because of its high conductivity, high chemical resistance and large surface area.
29
Additionally, it can provide more nitrogen atoms to bond with metal ions, leading to enhanced anchoring effects. 30, 31 The effect of weight content of PAN wrapped on the CNT surface on the catalytic activity towards the ORR of PtCo catalyst and its stability in an acid environment was explored. The novelty of this work is the use of polyaniline-wrapped carbon nanotube as a support of PtCo catalysts, which had never been studied before.
Experimental

Preparation of the carbon support and PAN
Two types of commercial carbon compounds were used in this work, which were carbon black (Vulcan XC72, Cabot) and a multi-walled CNT (Nano Generation Co. Ltd). The average diameters of the carbon black and CNT were around 50 nm and 20-40 nm, respectively. Prior to use, they were treated in a 7 : 3 (v/v) ratio of 12 M mixed HNO 3 and H 2 SO 4 by dispersing 0.1 g of the respective carbon black and CNT and stirred at 250 rpm for 6 h. The carbon slurry was held aerwards in the fume hood without stirring for 18 h and then separated from the acid solution by vacuum ltration, rinsed several times by deionized (DI) water until the pH of ltrate was constant. The ready-to-use treated carbon support was obtained aer drying at 110 C for 2 h. The aniline monomer (99.99%, Panreac) was used as the PAN precursor. In brief, it was distilled under a vacuum condition to remove the inhibitor presented in the monomer solution, and subsequently allowed the aniline monomer to polymerize into the PAN. 32 
Preparation of the PAN-wrapped CNT
To prepare the PAN-wrapped CNT (PAN-CNT), 100 mL of 2 M HCl (37%, QRëC) containing 1 g CNT powder was sonicated at room temperature for 2 h and then mixed with a stoichiometric amount of aniline monomer. Approximately 20 mL of 0.2 M ammonium persulfate ((NH 4 ) 2 S 2 O 8 , Univar) was slowly added dropwise into the mixture with constant stirring rate in an ice bath at 0-5 C for 3 h. 33 Subsequently, the dark suspension was ltered and washed several times with DI water until the ltrate became colorless. The ready-to-use PAN-CNT was obtained aer drying in an oven at 80 C for 24 h. The PAN-CNT supports had a weight percent of PAN to CNT of 1, 5, 10 and 15 and were denoted as 1PAN-CNT, 5PAN-CNT, 10PAN-CNT and 15PAN-CNT, respectively. For the various weight contents of PAN to CNT, they were denoted as xPAN-CNT.
Synthesis of the supported PtCo catalysts
Various carbon substances, including the treated carbon black, CNT and xPAN-CNT, were used as a PtCo support. The deposition of the PtCo catalyst on all supports was performed by the impregnation-seeding method using a mixture of 2. 4 under the sonication to obtain the catalyst slurry. The ready-to-use supported PtCo catalyst was then obtained aer the ltration of catalyst slurry, washed with DI water till neutral in pH, and nally dried overnight at 110 C.
Preparation of the carbon sublayer, catalyst ink and membrane electrode assembly (MEA)
The carbon sublayer ink was prepared by mixing 0.5 mL of distilled H 2 O with 1.334 mL of 60% (w/w) polytetrauoro-ethylene (PTFE; Aldrich) and sonicated at $30 C for 30 min.
Then, 1.0 mL of i-propanol (99.99%, Fisher) was added into mixture and sonicated at room temperature for 30 min. Aer-ward, 0.018 g of acid-treated carbon (Section 2.1) was added and sonicated at room temperature for 30 min to obtain the carbon ink, which was then applied onto a 2.25 Â 2.25 cm 2 gas diffusion layer (GDL) (Carbon cloth, ETEK) by brushing and dried at 80 C for 2 min to remove an excess solvent. The coating of sublayer ink was repeated to get the sublayer loading of $2.0 mg cm À2 . Finally, the sublayer ink-coated GDL was dried at 300 C for 1 h at ambient condition. To prepare the catalyst ink, 25 mg of the respective catalysts (PtCo/C, PtCo/CNT or PtCo/xPAN-CNT) was mixed with 1 mL DI water and sonicated for 1 h. Aerward, 1 mL isopropanol was added and sonicated continuously for 1 h. Subsequently, 0.44 mL of Naon (5% wt., Fluka) solution was added and sonicated for 2 h at room temperature. The obtained catalyst ink was coated on the rst surface of a 5 cm 2 treated membrane (Naon 115, Electrochem, Inc.) at 80 C using a spray gun (Crescendo, Model 175-7TM) to obtain a catalyst loading of 0.15 mg cm À2 .
The same procedure was repeated for the second membrane surface, but using the commercial Pt/C (20% (w/w), ETEK) catalyst. Finally, two sheets of sublayer ink-coated GDL were put on both sides of the catalyst-coated membrane and pressed together by a compression mold (LP20, Labtech) at 137 C with a pressure of 65 kg f cm À2 for 2.5 min to obtain the MEA.
ORR activity test
The ORR activities of all the catalysts were investigated in an acid solution (0. fed to the fuel cell at constant ow rates of 100 sccm. The current density-potential data curve was recorded aer the fuel cell was run-in or operated at a high current density (>700 mA cm À2 ) for at least 6-12 h.
Stability test
The stability test of all the prepared catalysts was conducted using a three-electrode system. An Ag/AgCl electrode, Pt and the respective prepared catalysts were used as the reference, counter and working electrodes, respectively. Briey, to prepare the working electrode, the catalyst ink was dripped onto the GC electrode with 2 mm in diameter, assembled with the RDE and connected with the Potentiostat/Galvanostat (Autolab, PG Stato 30). The measurement was performed at room temperature in N 2 -saturated 0.5 M H 2 SO 4 solution with a scan rate of 10 mV s
À1
in the potential range of À0.2 to +0.8 V via the cyclic voltammetry (CV).
Characterizations
The surface functional group of all xPAN-CNT samples was qualitatively explored by Fourier transform infrared spectroscopy (FTIR; PerkinElmer Spectrum One) using the potassium bromide (KBr) pellet method. The morphologies of all prepared catalysts were analyzed using X-ray diffractometry (XRD; D8 Discover-Bruker AXS), transmission electron microscope (TEM; Phillips Tecnai G2) and a scanning electron microscope (SEM) on a J6M 7610F machine. The PtCo content of each sample was determined by thermogravimetric analysis (TGA; TG 209 F3 Tarsus) with a heating rate of 10 C min À1 . The in-plane conductivity of all catalysts was measured using a four point probe instrument (Jandel, RM3-AR). The electrochemical surface area (ESA) was estimated using the H 2 stripping method in N 2 -saturated 0.5 M H 2 SO 4 via the CV experiment. The ESA of each catalyst was calculated according to eqn (1);
where Q H is the charge exchanged during the electro-adsorption of H 2 on Pt, m is the Pt loading quantity, and q H is the charge required for the monolayer adsorption of H 2 on Pt surfaces (210 mC cm À2 ).
The hydrophobic/hydrophilic property of all prepared PtCo catalysts was measured in terms of contact angle via the Ramé-hart contact angle goniometer (model 200-U1).
Results and discussion
Surface functional group of the PAN-CNT supports
The surface functional groups of the CNT and xPAN-CNT support were explored by FTIR (Fig. 1) , where the FTIR spectra of CNT showed a weak peak of CNT backbone stretching mode at a wave number of 1531 cm À1 . The FTIR spectra of xPAN-CNT appeared at the wave number of $1539 and $1460 cm À1 , corresponding to the C]N and C]C stretch of the quinoid and benzenoid structure of PAN, respectively. The bands at $1269 and $1207 cm À1 were attributed to the C-N stretching mode of benzenoid units. The absorption peaks at $1136 cm À1 were assigned to the C-H in-plane bending, while the peak at $808 cm À1 was attributed to the C-H out-of-plane bending. This suggests that the PAN was presented in the form of an emeraldine salt, 33,36 which is highly electrically conducting. 
Catalyst morphology
The morphology of the prepared catalysts was rst explored using XRD analysis. As demonstrated in Fig. 2 PtCo catalysts were found to be lower than that of the Pt/C catalyst, conrming the formation of the PtCo alloy on the CNT support in both the absence and presence of PAN. The average crystallite size (D) of all prepared catalysts was then estimated from the half-height of the peak Pt(111) plane using the Scherrer equation, 40 as shown in eqn (2);
where l is the X-ray wavelength (0.154 nm), b is the half-height peak width in radians and q is the Bragg angle corresponding to the peak maximum. As listed in Table 1 , the crystallite size of Pt in PtCo/C catalyst was signicantly larger than that of the Pt/C catalyst, while the crystallite sizes of PtCo/CNT were slightly greater than that of PtCo/C catalyst, conformable to the average particle size of PtCo catalyst obtained by TEM analysis (Fig. 3 and Table 1 ). This is probably due to the different quantity of the oxygen surface groups on the surface of CNT compared to that on carbon. 41 The high density of oxygen surface groups can facilitate an increased catalyst crystallite size by hindering the reduction of the Pt precursor, 42 diminishing the metal-support interaction, 43 and reducing the number of surface basic sites, which are the centers for the strong adsorption of PtCl 6 2À . 44 The 1PAN-CNT support provided an almost similar crystallite size and average particle size of PtCo catalyst compared with the bare CNT. Further raising the PAN content from 1 to 15 wt% slightly decreased the crystallite size and average particle size of the PtCo catalyst, which is probably due to the presence of high amount of the N-group on the PAN structure that can bond directly with metal ions and consequently allowed a uniform reduction of the metal ions on the CNT surface.
30,31
The entire Pt : Co atomic ratio in the bulk chemical composition of the supported PtCo catalysts was calculated using Vegard's law (eqn (3)). 45 As summarized in Table 1 , it can be seen that the Pt : Co atomic composition in all PtCo catalysts were almost the same ($85.78 : 14.22), suggesting that the wrapping of CNT surface by different PAN contents had insignicant effect on the Pt : Co atomic ratio in the bulk chemical composition of the supported PtCo catalysts. Variations in the PtCo weight content of the supported PtCo catalysts together with the Pt/C one were determined by TGA analysis (Fig. 4) . A complete weight loss was observed for all supports aer 600 C. However, in the presence of the loaded catalyst, the nal weight of all catalysts were almost the same at between 27.9-30.0%. Regarding the electrode conductivity, the PtCo/CNT catalyst exhibited a higher electrode conductivity than either the Pt/C or PtCo/C catalysts, attributed to the fact that the CNT has a higher electrical conductivity than the carbon support. 46 The wrapping of PAN on the CNT surface increased the electrical conductivity of all the PtCo catalysts, where increasing the PAN content within the investigated range (1-5 wt%) increased the electrical conductivity of the PtCo catalyst from 22.54 to 25.54 S cm
À1
. The ESA also increased slightly with increased PAN contents, probably due to the optimization of Pt particles by using polar aniline as the dispersant and the polymeric stabilization mechanism of PAN. 25 The contact angle of the all PAN-wrapped CNT-supported PtCo catalysts decreased as the increased PAN content (Table 1) , indicating an increase of hydrophilic property of the catalyst layer.
ORR activity test
The experimental results for the ORR in O 2 -saturated 0.5 M H 2 SO 4 are summarized in Fig. 5(a) . The onset potential for ORR of the PtCo/10PAN-CNT catalyst was shied to more positive potentials compared with other supported PtCo catalysts as well as that for Pt/C one. In addition, its overpotential at current densities of 1 mA cm À2 was ca. 20 mV lower than that for the pure Pt. These suggests that the PtCo/10PAN-CNT catalyst showed the highest ORR activity compared with the other catalysts. From the steady-state polarization curves, the correlation between the current density and the rotation rate can be described by the Koutecky-Levich equation (eqn (4)), which is valid for the rst order process with respect to the diffusion species. 
and where B is estimated by eqn (5),
The plot of j À1 vs. u À1/2 provided a straight line, as demonstrated in the inset of Fig. 5(a) , which allowed to determine the kinetic current density (j k ), which can be used to demonstrate the catalytic activity towards the ORR in an acid electrolyte. As shown in Fig. 5(b) , the PtCo/10PAN-CNT catalyst exhibited a higher ORR activity, measured in terms of the kinetic current density ($36.9 mA cm À2 ), than the other supported PtCo catalysts as well as the Pt/C catalyst. This is probably due to a more uniform distribution of ORR active sites on the surface of the catalyst and a high conductivity and ESA. However, although the PtCo/15PAN-CNT catalyst had a higher ESA than the PtCo/ 10PAN-CNT catalyst, it exhibited a lower ORR activity. This probably due to its high hydrophilic property (Table 1) , which allowed the adherence of water layer on catalyst surface, leading to lower active site of catalyst to proceed the reaction, which consequently reduce the ORR activity. Furthermore, number of electrons transferred for the ORR can be estimated using eqn (5) . The number of transferred electrons of all samples in the process was ranging from 3.56 to 3.96 ( Fig. 5(c) ). As a result, it can be said that the ORR on the supported PtCo catalyst involved the 4-electron pathway. The activity of the prepared supported PtCo catalysts was also explored in a PEM fuel cell under a H 2 /O 2 atmosphere at 60 C and ambient pressure. As demonstrated in Fig. 6(a) , all the prepared catalysts provided an almost similar open circuit potential in the range of 0.935-0.961 V, suggesting that using the different contents of PAN wrapped on the CNT surface did not signicantly affect the fuel crossover as well as the internal current formation. Under the activation region (<100 mA cm À2 ), a difference in the produced current density was observed. In terms of the current density-IR-free cell potential plot (inset of Fig. 6 ), the current density estimated at 0.9 V of PtCo/C (5.45 mA cm À2 ) was 1.28-fold smaller than that for the PtCo/CNT (6.98 mA cm À2 ). The addition of PAN wrapped on the CNT surface at the content of 1-10 wt% enhance an increase of the current density at 0.9 V (j 0.9 V,IR-free ) of the PtCo catalysts as demonstrated in Table 2 . Further raising the PAN content to 15 wt% decreased the j 0.9 V,IR-free . This suggests that the PtCo/10PAN-CNT catalyst provided the highest ORR activity, agreeing with the activity tested in acid solution (Fig. 5(b) ). A signicant difference in the generated current density among all explored catalysts was observed under a medium-tohigh current density (the ohmic region). The PtCo/10PAN-CNT catalyst still provided the highest current density of 407 mA cm À2 at 0.6 V, equivalent to 244 mW cm À2 (Fig. 6(b) ).
The kinetic parameters for ORR of the explored catalysts in the PEM fuel cell could be estimated from the current densitypotential data using a nonlinear least squares (NLLS) method, as expressed by eqn (6);
where
E r is the reversible potential for the electrode, b is the Tafel slope, R is the total resistance contribution of the polarization components, including the charge transfer resistance for ORR, the electronic resistance of the single-cell test xtures, ionic resistance through the membrane, and mass-transport resistance in the intermediate and high current density region, j is the current density, j 0 is the exchange current density for the ORR, and m and n are the parameters related to the mass transport limitation and mass-transport overpotentials, respectively. The ORR parameters obtained from the NLLS method are summarized in Table 2 . The coefficient of determination (R 2 ) of the explored catalysts was greater than 0.9994 in all cases, suggesting that the utilized model is adequate to predict the experimental data. The intrinsic Tafel slopes (b) of all the catalysts towards the ORR varied in the range of À56.5 to À59.5 mV dec À1 under similar testing conditions, suggesting the formation of uniform interphase conditions in the presence of the different contents of PAN wrapped on the CNT surface. The variation trend of the exchange current density (j 0 ) was similar to the current density at 0.9 V and 0.6 V, indicating that the PtCo/10PAN-CNT catalyst had the highest ORR activity. The PtCo/10PAN-CNT catalyst also exhibited the lowest total resistance (R), contributed from the charge transfer resistance for ORR and the maximum electronic resistance of the single-cell test and mass-transport resistance than the other investigated catalysts. Interestingly, this catalyst displayed a higher value of m than the other catalysts, suggesting its high mass transport loss compared with the other catalysts. Nonetheless, its high exchange current density, electrical conductivity and ESA and its low resistance and value of n as well as appropriate hydrophilic property led to the higher performance in the PEM fuel cell than the other PtCo catalysts. Table 3 shows a comparison of the ORR activity in acid solution and in PEM fuel cell between the best catalyst obtained from this work (PtCo/10PAN-CNT) and some previous works. It can be seen that although this catalyst gave the performance in PEM fuel cell at 0.6 V of around 407 mA cm À2 , it provided the mass activity higher than the PtCo/C-CeO 
Stability test
The stability of all the prepared supported PtCo catalysts as well as the Pt/C one was tested by the repetitive CV in N 2 -saturated Fig. 7(a) , where a well-dened hydrogen adsorption-desorption peak was observed. The peaks with a high current density were observed for the early period of the repetitive CV and their intensity decreased with increasing rounds of the repetitive CV, suggesting an alternation of active surface area of catalyst. The quantitative ESA of all prepared catalysts was then determined via eqn (1) and demonstrated in terms of the normalized ESA, as shown in Fig. 7(b) . The PtCo/C catalyst exhibited a slightly higher stability than the Pt/C catalyst, caused by the fact that the Co metal can recongure the catalyst-support interaction. As expected, all CNT-supported PtCo catalysts showed a low loss of normalized ESA compared with the PtCo/C catalysts. This loss slightly decreased as the PAN content increased, suggesting that the presence of PAN can help to recongure the catalyst-carbon interaction as well as the corrosion of support.
Conclusions
The effect of the weight content of PAN wrapped on the CNT surface on the ORR activity and stability in acid environment was explored in this work. It was found that increasing the PAN content wrapped on the CNT surface did not signicantly affect the Pt : Co ratio and catalyst loading on the CNT surface. However, the addition of high PAN content decreased the crystallite size and average particle size of PtCo catalyst, but increased the electrode conductivity and hydrophilic property, which consequently effected the ORR activity of the PtCo catalysts. aer 500 cycles of repetitive CV test, which was 2.7-and 2.5-fold lower than that of the Pt/C and PtCo/C catalysts, respectively.
